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ABSTRACT 
 
 
Objectives: Preservation of plasma glucagon-like peptide-1 (GLP-1) has 
been demonstrated to be cardioprotective in animals and patients. This 
study aims to investigate the mechanisms of action underlying 
cardioprotection by enhancing GLP-1 level through inhibiting NADPH 
oxidase mediated signaling.  
Methods: The study was performed in the Sprague-Dawley rat model of 
angiotensin II (Ang II) infusion (500 ng/kg/min) using osmotic minipumps 
for 4 weeks. GLP-1 agonist liraglutide (0.3 mg/kg, injected subcutaneously 
twice daily) and dipeptidyl peptidease-4 inhibitor, linagliptin (8 mg/kg, 
administered via oral gavage) were selected to preserve GLP-1 level. 
Blood pressure was measured noninvasively. Aorta and heart were saved 
for histological analysis. 
Results: Relative to the animals with Ang II infusion, in the aorta, 
treatment with liraglutide and linagliptin significantly downregulated the 
expression of NOX4/ICAM-1, and enhanced eNOS expression. Aortic wall 
thickness was reduced comparatively (267.4 ±22.5µm and 286.6 ±25.5µm 
vs. 339.7 ±40.4µm in Ang II group, all p＜0.05); with a significant reduction 
in mean blood pressure in these two groups (121±19 and 139±16 mmHg 
vs. 163±30 mmHg in Ang II group, all p<0.05).  In the heart, liraglutide and 
linagliptin comparatively reduced the protein levels of NOX4 and TGFβ1 
and expression of MCP-1, as well as attenuated the proliferation of 
myofibroblasts (15.1±4.9 and 13.3±3.6 vs. 42.8±22.6/HPF in Ang II group, 
all p<0.05). Furthermore, mitochondrial structure damaged by Ang II was 
significantly preserved by liraglutide and linagliptin, in company with a 
significant reduction in cardiac fibrosis.  
Conclusion: Taken together, these results suggest that the preservation 
of GLP-1 level with exogenous supply of GLP-1 with liraglutide or 
prevention of endogenous degradation of GLP-1 with linagliptin protects 
against Ang II induced injury in aorta and heart, primarily mediated by 
inhibiting NOX-mediated signaling.   
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CHAPTER 1 

INTRODUCTION 

 
Function of Native Glucagon-Like Peptide-1 

Glucagon-Like Peptide-1 (GLP-1) is primarily identified as a key 

player in glucose homeostasis using the incretin effect (Pabreja et al. 

2014; Rowlands et al. 2018). GLP-1, a potent insulin stimulator, achieves 

insulin secretion via binding the GLP-1 receptor in turn triggering a 

signaling cascade (Pabreja et al. 2014; Rowlands et al. 2018). To begin 

with, GLP-1 is secreted from the L-cells in the intestine before binding to 

the associated receptor (GLP-1R), a member of the G-protein coupled 

receptor family (Doyle and Egan 2007; Rowlands et al. 2018). The 

secretion from the L-cells occurs upon the intake of food and digestion of 

organic compounds, carbohydrates, lipids, proteins and fatty acids, occurs 

(Macdonald et al. 2002; Rowlands et al. 2018).  

Once the GLP-1 binds the receptor, a signaling cascade occurs 

beginning with the activation of the membrane bound Adenyl Cyclase 

followed by the production of cyclic adenosine monophosphate (cAMP); 

after the production of cAMP, the downstream signaling pathways can 

occur with the assistance of Protein Kinase A (PKA) or exchange protein 

directly activated by cAMP (EPAC) (Doyle and Egan 2007; Rowlands et 

al. 2018). PKA activation depolarizes the membrane causing the voltage 

gated calcium channels to open resulting in an influx of Ca2+ ions; after 
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which increased intracellular calcium concentration triggers fusion of 

insulin containing granules with the plasma membrane and the secretion 

of insulin from β-cells(Doyle and Egan 2007; Seino et al. 2010; Rowlands 

et al. 2018). When GLP-1 binds the GLP-1R, numerous actions occur 

downstream; however, the anti-diabetic effects are as follows: increase in 

fullness, replenishment of insulin stores, reduction in gastric emptying, and 

protection of β-cells (Pabreja et al. 2014; Rowlands et al. 2018).   

 Endogenous GLP-1 is nearly impossible to study in a lab setting 

due to the two minute half-life it features (Doyle and Egan 2007; Seino et 

al. 2010). It has been seen that results in ten to fifteen percent of active 

GLP-1 reaches circulation due to being degraded so quickly whilst leaving 

the ileum then the liver (Doyle and Egan 2007; Seino et al. 2010). The 

reason for this rapid degradation is the presence of Dipeptidyl Peptidase 4 

(DPP-4), in both the blood stream and on cell membranes (Doyle and 

Egan 2007). DPP-4 cleaves GLP-1 to yield an inactive form of the peptide; 

therefore, it is of the utmost importance to increase the half-life of GLP-1 

in order to increase the possibility of studies in the lab (Doyle and Egan 

2007).   

 The incretin effect, an effect where oral glucose causes higher 

insulin secretion responses than serum glucose requires, yet due to the 

mediation of GLP-1 and Glucose-dependent Insulinotropic Peptide (GIP) , 

both incretins, induced glycaemia levels are nearly identical; this pathway 

is synonymously damaged in all Type 2 diabetic patients (Pabreja et al. 
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2014; Nauck et al. 2016). The damage that is noted in all Type 2 diabetics 

(T2D) is a lack of response to GIP, but the body can still respond to GLP-1 

in a normal fashion, thus making GLP-1 an important focus for diabetic 

research and treatment (Pabreja et al. 2014; Nauck et al. 2016). As a 

result of GLP-1 functioning normally in Type 2 diabetics, the goal in 

treating T2D is to stimulate the GLP-1 receptors using GLP-1 Receptor 

agonists or DPP-4 inhibitors resulting in an faux incretin effect leading to 

insulin secretion (Pabreja et al. 2014; Nauck et al. 2016). Because of this, 

the oral level of insulin secretion and circulatory glucose level secretion 

come to an equilibrium (Pabreja et al. 2014; Nauck et al. 2016).   

 Although GLP-1 is primarily associated with the digestive system, 

GLP-1 effects other areas of the body due to numerous tissues being 

littered with GLP-1Rs (Saraiva and Sposito 2014; Rowlands et al. 2018). 

GLP-1R is detected in the kidneys, lungs, liver, heart muscle, blood 

vessels, peripheral nervous system, and obviously the gut and pancreas 

(Saraiva and Sposito 2014; Rowlands et al. 2018). Because of this 

disbursement throughout the entirety of the body, a plethora of effects are 

seen due to the action of GLP-1. Effects in the central nervous system, 

cause a decrease in appetite and an increase in both satiety and energy 

expenditure. The kidneys experience an increase in secretion of sodium 

into the urine, and the adipose tissue experiences an increase in lipolysis 

and glucose uptake (Saraiva and Sposito 2014; Rowlands et al. 2018).  
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In the cardiovascular system, GLP-1 has extremely beneficial 

effects; the cardiovascular system experiences a decrease in blood 

pressure and an increase in myocardial contractility along with increased 

cardiac protection (Figure 1) (Saraiva and Sposito 2014; Zhang et al. 

2015; Rowlands et al. 2018). Due to these numerous effects of GLP-1 on 

differing tissues of the body, it is important to investigate possible GLP-1R 

agonists or DPP-4 inhibitors as treatment options for varying physiological 

problems persons experience; one of the examples of such investigation 

to note is the successful treatment of GLP-1R agonists or DPP-4 inhibitors 

to treat cardiac fibrosis in a rat model (Zhang et al. 2015).   

 

Figure 1 GLP-1, GLP-1R agonists, and DPP-4 inhibitors provide various beneficial effects on 
numerous tissues throughout the body. 
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Role of Angiotensin II in Inflammation 

The renin-angiotensin system (RAS) features numerous enzymes, 

peptides, and receptors known for regulating cardiac function and renal 

function upon many other necessary bodily functions (Puja K and Kathy 

2007; Irigoyen et al. 2016; Forrester et al. 2018). The RAS effects fluid 

homeostasis and regulates blood pressure throughout the body (Puja K 

and Kathy 2007; Irigoyen et al. 2016; Guo et al. 2017).  

In order for the body to achieve these effects, juxtaglomerular cells, 

found in the kidneys, cleaves prorenin to renin in response to decrease 

blood pressure or decreased sodium load in the distal convoluted tubule 

(Fountain and Lappin 2009). Following the cleavage of prorenin to renin, 

the renin is released into the circulatory system and can act on its target 

angiotensinogen (Fountain and Lappin 2009). Renin must cleave the 

angiotensinogen, which is found constantly circulating throughout the body 

after being produced in the liver, to angiotensin I (ANG I) (Fountain and 

Lappin 2009). ANG I is converted to Ang II via angiotensin converting 

enzyme (ACE), which is primarily located in the vascular endothelium of 

the lungs and kidneys (Fountain and Lappin 2009). Following this 

conversion to Ang II, it binds either angiotensin II type I or type II receptors 

in numerous tissues throughout the body (Fountain and Lappin 2009).  

The main hormone of the RAS, Angiotensin II (Ang II), plays a key 

role in all RAS signaling and pathways; furthermore, Ang II functions as 

the primary modulator for cardiovascular physiology and function, along 
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with effecting cardiac output and vasoconstriction (Puja K and Kathy 2007; 

Irigoyen et al. 2016; Guo et al. 2017). Ang II is capable of functioning both 

as an endocrine and paracrine/autocrine hormone (Irigoyen et al. 2016; 

Guo et al. 2017). This gives Ang II the ability to effect multiple organ 

systems throughout the body. In regard to effecting multiple organ 

systems, Ang II acts on the kidneys, specifically the proximal convoluted 

tubule, to increase sodium reabsorption; the adrenal cortex is stimulated 

by Ang II in order to cause the release of aldosterone to again increase 

sodium reabsorption as well as potassium excretion (Fountain and Lappin 

2009). In the brain, Ang II stimulates thirst and increased water intake by 

binding the hypothalamus, stimulates the release of antidiuretic hormone 

(ADH) to increase water reabsorption, and decreases the sensitivity of the 

baroreceptor reflex, which diminishes the baroreceptor response to an 

increase in blood pressure (Fountain and Lappin 2009).  

The circulatory system is effected by Ang II mostly in regard to 

vasoconstriction, this action of Ang IIs influence takes place in the 

systemic arterioles; Ang II binds its G protein-coupled receptors, thus 

causing a secondary messenger cascade that results in severe arteriolar 

vasoconstriction (Fountain and Lappin 2009). Due to Ang IIs unique ability 

to function as both a local and systematic regulator, the hormone is 

capable of causing large scale damage to the cardiovascular and 

circulatory system (Puja K and Kathy 2007; Irigoyen et al. 2016; Guo et al. 

2017). Whereas Ang II has numerous effects on the body, it has been the 
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well documented agent of several cardiovascular problems and diseases 

such as hypertension, atherosclerosis, heart failure, hypertrophy, among 

many others (Zhang et al. 2015; Irigoyen et al. 2016; Guo et al. 2017; 

Forrester et al. 2018). Figure 2 demonstrates the multiple ways that Ang II 

effects the cardiovascular system via signaling pathways. 

Ang IIs success in causing such mass effects stems from its ability 

to stimulate the Ang II type I receptor (AT1R) (Martin et al. 2012; Zhang et 

al. 2015; Irigoyen et al. 2016; Guo et al. 2017; Forrester et al. 2018). 

ANGII and AT1R are widely involved in the development of hypertension, 

a disease where arteries undergo essential changes that cause circulatory 

issues and risk (Marchesi et al. 2008). In causing these issues, 

hypertension associated injuries create an inflammatory effect throughout 

the cardiovascular system causing further damage such as cardiac and 

arterial fibrosis (Marchesi et al. 2008). AT1R are widely distributed 

throughout the body therefore allowing regulation of Ang II effects on the 

organs to be controlled; due to this distribution increased levels of Ang II in 

the system lead to increased activation of AT1Rs, illustrating both the 

importance of AT1R regulation and Ang II regulation (Puja K and Kathy 

2007; Martin et al. 2012; Zhang et al. 2015; Irigoyen et al. 2016).  

Inflammation due to Ang II is due to three broad effects that 

ultimately cause the inflammation that leads to atherosclerosis, fibrosis, 

endothelial dysfunction, etc; these three effects caused by Ang II include 

increased vascular permeability, increased leukocyte infiltration, and 
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increased tissue remodeling (Cheng et al. 2005). In regard to the first, 

increasing vascular permeability, Ang II achieves this by causing injury to 

the endothelium along with stimulating AT1 receptors (Cheng et al. 2005). 

The increase of leukocyte infiltration requires three sub-steps before 

causing the end result of inflammation including rolling, adhesion, and 

transmigration of inflammatory mediators (Cheng et al. 2005). Leukocyte 

adhesion to the arterial wall occurs as a portion of this process and is 

responsible for numerous cardiovascular diseases with the main trigger of 

said adhesion being Ang II with the major families of adhesion molecules 

being selectins, immunoglobulins, and integrins (Cheng et al. 2005). 

Lastly, Ang II has been seen to cause fibrosis, cell hypertrophy, and 

proliferation (Cheng et al. 2005; Zhang et al. 2015). This occurs primarily 

through blood pressure increases, causing damage and cellular response, 

along with blood pressure independent variables, such growth factors like 

TGF-β, to cause an ultimately devastating combination of effects (Cheng 

et al. 2005; Zhang et al. 2015).  

Natural regulation of Ang II and the AT1R is of the utmost 

importance for the body’s physiological health; however when this 

mediation by the body fails, it becomes important to treat the issue with 

one of two types of medication: Angiotensin-Converting Enzyme Inhibitor 

(ACEi) or Angiotensin Receptor Blockers (ARBs) (Mann et al.; Mann 2012; 

Sanz et al. 2019). ACEis work to prevent the inflammatory process of Ang 

II by preventing the conversion of angiotensin I to Ang II in this RAS 
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pathway; this drug treatment also inhibits kininase II leading to the 

upregulation of bradykinin, therefore enhancing the effects of Ang II 

suppression (Mann et al.; Mann 2012; Sanz et al. 2019). The second 

treatment option preferred by physicians to treat hypertensive problems, 

are ARBs; this category of drugs is usually the secondary option due to 

patients having side effects to ACEi (Mann et al.; Mann 2012; Sanz et al. 

2019). Whereas ACE specifically converts ANG I to Ang II, ARBs act on 

the AT1R by inhibiting Ang II from binding and therefore preventing the 

negative effects associated with the downstream pathway of the AT1R 

(Mann et al.; Mann 2012; Sanz et al. 2019).  

Although both of these drug classes are mostly successful at 

treating the effects of Ang II on the body, they also pose a greater issue 

with side effects than most patients are comfortable dealing with and even 

if the drugs work in differing fashions, they cause similar areas of 

discomfort for numerous patients (Mann et al.; Mann 2012; Sanz et al. 

2019). The side effects associated with both classes of the drugs include 

hypotension, hyperkalemia, secondary cough, and angioedema; other 

side effects can occur due to specific drug brands due to the molecular 

composition of the drugs and more patients seem to experience the side 

effects from ACEi opposed to ARBs (Mann 2012; Sanz et al. 2019; Yilmaz 

2019). These aforementioned side effects are enough for nearly a quarter 

of patients to stop taking their medications; however, the majority of the 

patients stop taking their prescription due to the secondary cough that 
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occurs (Mann 2012; Sanz et al. 2019; Yilmaz 2019). Because of this, it is 

important to explore other possible treatment options in order for the 

patient to continue treatment and feel the success of their treatment 

occurring.  

 

Figure 2 Angiotensin Pathway as it relates to Ang II signaling and inducing downstream 
pathways/effects specifically on the cardiovascular system. NADPH Oxidases are relevant due to 
the focus of this study. 

Cardiovascular Disease 

Cardiovascular disease (CVD), often called heart disease, 

encompasses a wide range of conditions related to the heart, vascular 

system of the brain, and blood vessels (Shanthi Mendis, Pekka Puska, Bo 

Norrving, World Health Organization 2011; Mayo Clinic Staff 2016). The 

plethora of diseases that fall into this category of cardiovascular disease 

ranges from hypertension (high blood pressure) to coronary artery 

disease, but the generalized diseases that fall under this category are 

blood vessel diseases, arrhythmias, and congenital heart defects. 
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Although those broad diseases fall into the category of cardiovascular 

disease, the broad terms do not include all diseases defined by CVD 

(Mayo Clinic Staff 2016).  

CVD is the leading cause of death in America causing around 

610,000 deaths. The prevalence of Cardiovascular Disease is very high in 

all ethnicities and genders, however heart disease is more common in 

men causing over half of the 610,000 deaths per year (Center for Disease 

Control 2013). It is important to note that geographically speaking, the 

South East United States experiences a increased death rate due to heart 

disease than that of other areas (Figure 3). Cardiovascular disease being 

the leading cause of death in Americans leads to one in four deaths being 

caused by a CVD and each minute a person dies from heart disease; 

Coronary heart disease is the most common of the heart diseases (Center 

for Disease Control 2013). The largest risk factor that contributes to CVD 

deaths is hypertension, but high blood pressure is also ranked as the 

largest killer in the world (Shanthi Mendis, Pekka Puska, Bo Norrving, 

World Health Organization 2011; Yu et al. 2016). Reducing the risk of 

hypertension can be accomplished by monitoring diet, increasing physical 

exercise, but most importantly Angiotensin-converting enzyme (ACE) 

inhibitors and Angiotensin II receptor blockers (ARBs). However, these 

drugs have negative side effects ranging from inconsequential to 

extremely serious (Shanthi Mendis, Pekka Puska, Bo Norrving, World 
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Health Organization 2011; Mann 2012; Martin et al. 2012; Zhang et al. 

2015; Yu et al. 2016).  

Myocardial Fibrosis is associated with cardiovascular disease as 

both a morbidity factor and a symptom. Due to fibrosis of the myocardium 

and the continual injury, the aorta and vesicular tissue tend to see 

increases in thickness; this thickness is commonly used to measure 

vesicular injury and remodeling (Zhang et al. 2015). Cardiac fibrosis 

occurs following various injuries to the heart and is the process of 

pathological extracellular matrix remodeling; this remodeling leads to 

growth abnormalities, in turn leading to impaired heart functioning 

(Hinderer and Schenke-Layland 2019). It is important to note that the 

initial remodeling can be a beneficial effect for protection; however, after 

continuous injury and extracellular matrix deposition tissue function is 

impaired (Hinderer and Schenke-Layland 2019). Fibrosis of the heart is 

characterized by increased collagen deposition, fibroblast activation, and 

differentiation to myofibroblasts all of which lead to decreased cardiac 

function (Hinderer and Schenke-Layland 2019). Due to cardiac fibrosis 

being so intricately tied to cardiovascular disease, being both a 

comorbidity and a symptom, it is of the utmost importance to gain an 

understanding in order to prevent the progression of cardiovascular 
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diseases.

 

Figure 3 Total Cardiovascular Disease Death Rate for all ages demonstrates the high levels of 
cardiovascular disease death in America, specifically the Southeast. This illustrates the immense 

need for investigation and other treatment options for individuals 

Function of NADPH Oxidases 
 

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, 

commonly known as NOX, are membrane bound complexes most 

associated with the formation reactive oxygen species (ROS) formation 

(Brandes et al. 2014). ROS signaling is important throughout the body in 

regard to numerous functions such as hormone formation, redox signaling, 

host defense, and matrix modifications (Brandes et al. 2014). NOX has 

seven isoforms, NOX 1-5 and DUOX 1-2, due to transmembrane catalytic 

subunits that differ between each isoform;  the majority of these isoforms 
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sans NOX4 require another protein, p22phox, for their activation (Brandes 

et al. 2014). However, it is important to note that NOX4 does in fact 

interact with p22phox, but in a different fashion than the other isoforms 

that does not affect ROS production (Brandes et al. 2014).  

Activation of NOX enzymes occurs in similar fashions which is 

exerted by calcium or protein-protein interactions; however NOX4 is the 

only constitutively active isoform (Brandes et al. 2014). In regard to these 

activation interactions, NOX1-3 do not feature a direct calcium sensitivity, 

yet it is featured in the upstream mechanism of their activation within the 

cytosolic proteins whereas NOX5 and the remaining NOX proteins are 

directly calcium dependent (Brandes et al. 2014). The activation of NOX1-

3 occurs via alterations of cytosolic proteins that consist of GTPase Rac 

and cytosolic activator proteins (Brandes et al. 2014). Whether NOX4 

experiences similar control features upon its activation is under 

investigation, yet it is important to note that all NOX isoforms are 

responsible for ROS production (Brandes et al. 2014).  

Reactive Oxygen Species are produced via the NOX family via the 

electron acceptor, oxygen, and producing superoxide (Bedard and Krause 

2007). ROS consist of numerous oxygen containing small molecules, 

oxygen radicals, and some nonradicals that act as oxidizing agents or are 

easily converted to radicals (Bedard and Krause 2007). When these ROS 

came into contact with organic molecules of the body, destruction occurs 

on a mass scale; however in recent years it has been seen that reactive 
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oxygen species also interact in multiple cellular regulatory processes that 

are required for the survival of cells (Bedard and Krause 2007). The 

negative interactions of ROS consist of oxidative damage to DNA and 

proteins resulting severe damage, inflammation, and death to cells 

(Bedard and Krause 2007; Blaser et al. 2016). This is especially 

detrimental in the cardiovascular system due to the amount of NOX 

expression that occurs; the associated problems that come with ROS 

include cellular apoptosis, cardiac remodeling, fibrosis, cardiac 

hypertrophy, and more (Bedard and Krause 2007; Nabeebaccus et al. 

2011; Blaser et al. 2016).   

 Within the cardiovascular system, the most common isoform of 

NADPH oxidases expressed are NOX2 and NOX4; however, the two 

isoforms are located in differing areas within the circulatory system (Zhao 

et al. 2015). NOX2 finds its home in the plasma membrane whereas 

NOX4 is found in various intracellular membranes such as the 

mitochondria, endoplasmic reticulum, and nuclear membrane (Zhao et al. 

2015). NOX2 and NOX4 do, however, share similar structures comprising 

of six transmembrane domains, two bound hemes, and a cytosolic domain 

that contains the NADPH binding domain (Zablocki and Sadoshima 2013). 

As stated previously, the primary difference between the two is that NOX4 

does not require the binding of cytosolic subunits to be active (Figure 4). 

Seeing as NOX4 is constitutively active, differing from that of NOX2, it is 

regulated solely on the level of expression via the transcriptional level 
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within the circulatory system; thus meaning if an up expression of NOX4 

occurs, then the body has no way to counter regulate this (Zhao et al. 

2015). NOX4 is of paramount importance to study due to the fact of 

contradictory data emerging about whether the isoform is protective or 

deleterious when it comes to the myocardium response to inflammation 

and hypertrophy (Zhao et al. 2015).  

 In regard to the conflicting reports of protection or deleterious 

effects, NOX4 is unique compared to that of other isoforms. Zhang’s lab 

reports that NOX4 transgenic mice were protected from contractile 

dysfunction, hypertrophy, and cardiac dilation due to hypertension 

demonstrating the idea that NOX4 may exert cardioprotective effects 

(Zhang et al. 2010). Despite Zhang’s evidence for cardioprotective effects, 

several researchers pose the alternative viewpoint of NOX4 being 

detrimental to the cardiovascular system due to the ROS production. 

NOX4 has been seen to play an essential role in inducing oxidative stress, 

apoptosis, left ventricular dysfunction, mitochondrial damage due to 

increased superoxide production, and hypertrophy of the heart (Ago et al. 

2011; Matshushima et al. 2014). These effects manifest whilst the 

cardiovascular system undergoes hypertension due to the pressure 

overload in the system and the concurrent injuries that occur (Ago et al. 

2011; Matshushima et al. 2014).  

Although there are conflicting reports on the effects of NOX4 within 

the cardiac system, the investigators do all agree the effects of NOX4 are 
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all expression regulated as opposed to activated along with the fact that 

not all signaling molecules involved in the NOX4 pathway have been 

identified (Zhao et al. 2015). In regard to NOX2, the connection between 

cardiac damage is more clear with numerous studies linking the up 

expression of the protein to increased inflammation and hypertrophy; 

however, it is still important to verify this connection as well as it is of the 

utmost importance to determine the effects NOX4 exert on the 

cardiovascular system.  

 

Figure 4 Structure of NOX2 and NOX4 (Zablocki and Sadoshima 2013) illustrates the similarity 
between the two; however, it is important to note the cytosolic subunits required for NOX2 to 
become active.  

  

Mitophagy and Relation to Cardiac Distortion 

 Mitochondria, primarily known for their production of ATP, are 

extremely important in the cardiovascular system with 95% of ATP 

required for the heart being synthesized by mitochondria within its tissue 
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(Wang et al. 2018). Mitochondria in the myocardium also aid with Ca2+ 

transport between the endoplasmic reticulum and are important with 

providing stability towards this transportation system (Wang et al. 2018) 

With that being said, it is of the utmost importance that these organelles 

are fully functioning or the heart will experience a decrease in 

performance. In the myocardium, mitochondria are positioned between 

myofibrils in the myocytes and is a very precise repeating pattern 

compared to that of other cell types (Vendelin et al. 2005). This pattern is 

of the utmost importance for their function and providing the 

cardiovascular system with a suitable ATP output to function; however, 

this pattern and the mitochondria themselves can become damaged 

(Vendelin et al. 2005; Wang et al. 2018). 

 When the mitochondria become severely damaged the 

mitochondria undergo a process called mitophagy. Mitophagy is the 

process of a cell attempting to remove damaged mitochondria along with 

using the damaged organelle as an additional energy source whilst lacking 

necessary ATP output (Wang et al. 2018). Whilst undergoing mitophagy, 

the mitochondria experience a compromised metabolism, dissipated 

membrane potential, along with the process of fusion and/or fission (Wang 

et al. 2018) 

Hypothesis  

 Due to the intense need to study cardiovascular disease and find 

new treatment options for patients experiencing said disease, this study 
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aims to test whether vascular or cardiac protective mechanisms of action 

by GLP-1 receptor agonist is potentially associated with an attenuation of 

Angiotensin II-induced vascular and cardiac fibrosis by decreasing 

NADPH Oxidase expression using a well-established rat model of Ang II 

infusion in our laboratory. This study also looks to gain further insight into 

a functional role of GLP-1 in attenuating vascular and cardiac fibrosis by 

determining whether inhibition in the degradation of endogenous GLP-1 

with dietary DPP-4 inhibitor (linagliptin) is associated with a reduction in 

vascular and cardiac fibrosis.   

 

Figure 5 Proposed signaling of above hypothesis demonstrating that Ang II infusion causes an 
increase of NOX4 expression leading to cardiovascular disease characteristics; Liraglutide and 
Linagliptin act to prevent this negative interaction and ultimately cardiovascular disease/fibrosis 
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CHAPTER 2 

METHODOLGY   

Animal Preparation and Study Groups 

 This study, including all the experiments needed for completion, 

took place in the Mercer University School of Medicine’s laboratories. In 

order to complete this study, male Sprague-Dawley rats (Harlan 

laboratories, Indianapolis, IN, USA) weighing 200± 10 g were used. The 

rats’ diet was unchanged as they were given unfettered access to water 

and standard rat chow. The animals were fitted with a sterilized osmotic 

minipump (Models 2002 and 2004, ALZET Corp, CA, USA) following an 

intraperitoneal injection of anesthetics, a mixture of ketamine (90mg/kg) 

and zylaxine (10mg.kg). To decrease the likelihood that fitting the osmotic 

pumps would result infection, the animals were shaved at the surgical site, 

swabbed with povidone-iodine and alcohol, and then a small incision was 

made between the scapulae. Following this small incision, a hemostat was 

used to spread the subcutaneous connective tissue and the pump was 

inserted before the pocket was sutured closed.    

 Following the insertion of the osmotic pump, animals were 

randomized into one of four groups: 1) Sham control: rats received saline 

pump infusion 2) Control: Ang II infusion occurred at a rate of 

500ng/kg/min 3) Ang II and liraglutide (Novo Nordisk Pharma Ltd., 

Gladsaxe, Denmark): injection of liraglutide at 0.3 mg/kg twice daily during 

the Ang II infusion 4) Ang II and linagliptin (Boehringer Ingelheim 
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Pharmaceuticals Inc. CT, USA): orally administered linagliptin 8 mg/kg 

during the Ang II infusion. Each group was submitted to two study 

protocols of two and four weeks of Ang II infusion, as well. During this 

period of osmotic pump infusion, the blood pressure of the animals was 

taken using a non-invasive blood pressure method (NIBP) via a PowerLab 

coupled to a NIBP system (MIL125 AD Instruments NIBP controller, CO, 

USA). The NIBP system works by occluding blood flow to the tail with a 

specialized tail cuff followed by measuring blood pressure based on the 

periodic occlusion of blood flow in the tail. In measuring the mean arterial 

pressure (MAP), the readings were only considered valid upon three 

consecutive measurements that did not differ more than 10 mmHg.  

Tissue Preparation 

 Following the end of the experimental period, defined above, rats 

were euthanized with a lethal dose of pentobarbital (100 mg/kg) and the 

hearts were removed. Fixation of transverse slices occurred in a 10% 

phosphate-buffered formalin solution for 24 hours and then a paraffin wax 

was used to embed the tissue for histological analysis as we reported 

previously (Zhang et al. 2015). Using a Microtome cryostat (Leica 

RM2135, Meyer Instruments, TX, USA), 6 µm thick cryosections were 

obtained. The remainder of the left ventricular tissue was saved by 

immediately freezing in liquid nitrogen and stored in a -80°C until use for 

Western blot analysis or Transmission Electron Microscopy.  
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Mitochondrial Distortion Using Transmission Electron Microscopy  

 Seeing as the NOX protein is primarily expressed in the 

mitochondria in myocardium cells, it was important to focus the 

transmission electron microscopy on the integrity of the mitochondria. The 

need for this focus is based on the release of reactive oxygen species 

from the NOX protein that causes a distortion in the mitochondria. In order 

to observe this phenomenon, special care needed to be had over the 

frozen tissue preparation and preparation for the microscopy. Several 

trials were conducted in order to ultimately find the correct protocol for 

best results. The samples used consisted of: A rat 10 (Sham), A rat 56 

(Ang II 4 weeks), A rat 32 (Ang II and GLP-1, 4 weeks), and A rat 43 (Ang 

II and DPP-4, 4 weeks). Following the initial storage of the tissue in the -

80°C freezer, the tissue was removed from the -80°C and kept frozen in 

liquid nitrogen. It was imperative that the tissue stay frozen in liquid 

nitrogen or the sample would degrade. While still frozen, from the liquid 

nitrogen, the tissue pieces were cut into smaller fragments using a scalpel 

nearing 2mm in diameter. This ensured that the tissue was not too large 

for later steps in the process. While the tissues were still frozen, the 2mm 

fragments were immersed in 4°C in 4% formaldehyde and 1% 

glutaraldehyde in 0.1 M sodium cacodylate buffer and stored overnight at 

the same temperature. Several variations of the immersion mixture were 

tested before this final solution was decided upon.  
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 All of the following steps occurred with a gentle rocking to 

encourage proper infiltration of various buffers and fixatives. The following 

morning the samples were washed twice for 15 minutes with a 0.1 sodium 

cacodylate buffer at 4°C; after which, the tissue fragments were post fixed 

in 2% osmium tetroxide and 0.1M sodium cacodylate for 30 minutes at the 

same temperature as above. This step was vital for the end goal of 

microscopy and the size of the sample being larger than 2mm created 

issues in osmium permeation, thus creating poor images. The samples 

were then washed twice with sodium cacodylate for five minutes each, 

washed with distilled H2O (dH2O) three times for 10 minutes each, and 

then dehydrated. The dehydration of the tissues occurred in an increasing 

ethanol series: 25%, 50%, 70%, each for 15 minutes still remaining at 4°C. 

Following this dehydration, the samples were then stained with 70% 

ethanol and 2% Uranyl acetate for 30 minutes and kept out of light during 

this time.  

Following the staining of the samples, the graded dehydration 

continued with an 80% and 95% ethanol wash for 15 minutes each. The 

resin was prepared at this time to ensure the resin had ample time to mix 

via a rocking table. The samples were dehydrated even farther with 100% 

ethanol three times for 10 minutes at room temperature (it is important to 

note that all steps prior to this have been at 4°C). In order to ensure total 

dehydration of the samples, the samples were infiltrated with 100% 

propylene oxide three times for 10 minutes at room temperature and then 
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a 1:1 100% propylene oxide/embedding resin solution for 30 minutes at 

room temperature. Following the 30-minute period, the sample was then 

immersed in pure resin overnight at room temperature and left for the next 

day. The following morning, the tissue was infiltrated with pure resin for an 

hour at room temperature and centrifuged in order to rid the samples of air 

bubbles not visible to the human eye and then cured in a 60°C oven for 

24-48 hours. Following this curing, the samples were ready for their final 

preparations before imaging with the TEM.  

The final preparations before TEM consisted of taking the cured 

tissues and using a Leica EM UC6 ultramicrotome (Leica Microsystems, 

Bannockburn, IL) to cut thin sections of the tissue of the resin. Tissue was 

sectioned at 75nm in order to ensure high-quality TEM imaging. Following 

the cutting of the samples, tissue was collected on 200 mesh copper grids 

before the samples were fixed. Several trials at the proper fixation time 

occurred before finding an adequate amount of time. The samples were 

fixed in 4% uranyl acetate for 25 minutes before being subjected to a 15-

minute stain with 0.1% lead citrate. Following the succession of uranyl 

acetate and lead citrate, the samples were allowed to air dry before final 

imaging. Using a Jeol JEM 2100 Plus 200 kV transmission electron 

microscope (JEOL USA Inc., Peabody, MA) paired with a 4K x 4K Pixel 

Oneview CMOS CCD Camera using Gatan’s Digital Micrograph (DM) 

software (Gatan Inc., Pleasanton, CA), several photos of the grids were 

taken to examine the structure of the mitochondria along with their 



 

 

25 

25 

distortion, internal structure, and the presence of phagosomes. To 

determine the proper magnification several images were taken before 

determining our best options. We ultimately decided upon 10kX and 12kX 

for our final magnifications with the statistical analysis being done of the 

10kX samples.  

Detection of Angiotensin-II Inflammatory Proteins using 

Immunohistochemistry  

 Immunohistochemistry (IHC) was used in order to detect differing 

expression levels of proteins relevant to the Ang II induced inflammation 

pathway within the groups mentioned above. Using IHC, we were able to 

explore NOX4 expression in the aorta and heart of the rats, eNOS and 

ICAM-I expression in the aorta, macrophages and myofibroblasts 

expression in the heart, along with exploring the presence of fibrosis in 

both the heart and aorta. Although each of these proteins require differing 

protocols, the majority of the process remains the same. The broad 

process is as stated: 1) fixing and embedding the tissue 2) cutting and 

mounting the section 3) deparaffinizing and rehydrating the section 4) 

antigen retrieval 5) immunohistochemical staining 6) counterstaining 7) 

dehydrating and stabilizing with mounting media 8) and viewing the 

staining via a microscope. The differences in these protocols primarily 

arise in regard to the usage of primary and secondary antibodies, blocking 

protocols, and substrate/chromogen usage.  
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Immunohistochemical Detection of NADPH Oxidase 4 

 We first worked to detect the presence of NOX4 in both the 

myocardium and the aorta. The treatment protocol was the same for both 

groups. We began by preparing 10mM of Citrate buffer: 4.5ml of 0.1M 

citric acid, 20.5ml 0.1M sodium citrate, 225ml dH20, and ensure the pH is 

6.0. The citrate buffer was used in a later step to ensure antigen retrieval. 

Following the preparation of the citrate buffer, deparaffinization of the 

samples was performed as follows: slides were submitted to a xylene 

treatment for 5 minutes, 3 times. Following this, the slides were 

transferred to a 100% ETOH for 2 minutes twice, a 95% ETOH solution for 

2 minutes twice, an 80% ETOH solution for 2 minutes, a 70% ETOH 

solution for 2 minutes, and a 50% ETOH solution for two minutes. Lastly, 

the slides were transferred to a dH2O container for 2 minutes. Using the 

citrate buffer solution previously prepared, the slides were boiled in the 

solution at 99°C for 20 minutes before being removed and allowed to cool 

at room temperature for an hour. Then, we washed the slides in dH2O 3 

times for 2 minutes each. The samples were then rehydrated in 1xPBS 

twice for 25 minutes and five minutes respectively at room temperature. 

 We then blocked non-specific binding with 5% goat serum in PBS 

for an hour at room temperature. For the aorta samples, 100uL of goat 

serum and 1,900uL of PBS was used to block this interaction; for the 

myocardium samples, 125uL of goat serum and 2,375uL of PBS was 

used. During this hour the primary antibody, consisting of Rabbit anti-
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NADPH Oxidase 4 Antibody (ab109225 abcam), was prepared in order to 

ensure its readiness for the following step. In the aorta samples, the 

primary antibody used a 1:500 dilution and the heart samples used a 

1:250 primary antibody dilution. At the end of the hour, we blotted off the 

5% goat serum blocking solution, applied 100uL of the primary antibody 

solution to each slide, and incubated overnight in a humid chamber at 4°C. 

Following the overnight incubation, the slides were washed with twice PBS 

for five minutes each time before being subjected to the secondary 

antibody. The secondary antibody (Goat anti-rabbit IgG-Vector BA1000), 

was prepared using a 1:500 dilution for both the aorta and myocardium 

tissue. 100ul of the secondary antibody solution was then applied to the 

slides before they were incubated for 30 minutes at room temperature in a 

humid chamber. Following this, the antibody was blotted off, the slides 

were washed twice in PBS for five minutes, and then subjected to 

immersion in 3% H2O2/Methanol for thirty minutes at room temperature. 

After which, the samples were covered with a working dilution of Vector 

ABC-peroxidase Elite (Cat #PK6100) for an hour at room temperature, 

washed again for five minutes twice in PBS, and then washed for five 

minutes in TBS before being subjected to a substrate solution of DAB 

consisting of: 15ml 1X TBS, 1DAB pellet (Sigma Cat@D-5905), and 12ul 

30%H2O2. Each slide was covered with around 150ul of the substrate to 

ensure coverage and incubated in the dark. The incubation times varied 

between the myocardium and aorta tissue with the staining occurring for 
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twenty minutes and fifteen minutes, respectively. The incubation must be 

stopped so the samples do not become overstained; this was done by 

rinsing slides in dH2O for five minutes and the DAB substrate and rinse 

water must be disposed in the proper fashions as it is a carcinogen. 

Lastly, the samples were counterstained with hematoxylin followed by 

Scott’s solution, a dH2O wash, a graded alcohol dehydration, and xylene 

grade. The hematoxylin staining times varied between the myocardium 

and aorta tissue as well, being fifteen and nineteen seconds respectively. 

Following these final steps, coverslips were then added to the samples to 

ensure safekeeping and viewing. Imaging of the finished samples took 

place on an Olympus photomicroscope equipped with a digital camera. 

Western Blot Detection of NOX4 Expression in the Myocardium 

 Tissue blocks from the specimens were frozen in liquid nitrogen 

and kept at -80°C for Western blot analysis. 100 mg of the tissue samples 

from each experimental group were homogenized in lysis buffer followed 

by a DC Protein Assay in order to measure the protein concentration via a 

Bio-Rad DC kit. The protein was boiled and then 80ug of total protein for 

each lane was mixed with loading buffer and loaded onto a gradient SDS-

polyacrylamide gel using Mini Protean II Dual Stab Cell. Following the 

loading, the gels were exposed to rabbit anti-NADPH oxidase 4 (NOX4) 

monoclonal antibody. Detection of bound antibody occurred via a 

horseradish peroxidase conjugated anti-rabbit IgG. Actin was used as a 

standard of protein loading control for normalizing bands among groups. 
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Following this, the membrane was incubated with chemiluminescence 

detection reagents and exposed to x-ray film in order to obtain 

visualization of protein band expression. Images of the gels were then 

scanned and imported into ImageJ in order to perform analysis.  

Western Blot Detection of NOX2 Expression in the Myocardium 

 Using the above protocol of Western Blot Detection of NOX4, 

Western blot analysis of NOX2 expression in the myocardium was 

conducted. The same exact same protocol was used until we reached the 

antibody to use. Following the aforementioned protocol, the gel was 

exposed to rabbit anti-NADPH oxidase 2 monoclonal antibody before 

following the remainder of the protocol listed above.   

Immunohistochemical Detection of Endothelial NOS (eNOS) 

 Similar to that of the NOX4 IHC detection, the protocol for eNOS 

detection followed the above-mentioned steps; however, eNOS detection 

was ran solely on aorta tissue in order to obtain a more complete picture 

of total cardiocirculatory expression. eNOS is primarily detected in the 

aorta due to the vasodilation factors associated eNOS. The protocol for 

eNOS detection followed the same steps as in the NOX4 IHC protocol but 

differed in the antibodies used. Following the exact protocol until the 

introduction of antibodies, the primary antibody used consisted of Rabbit 

polyclonal to eNOS (ab5589 abcam) at a 1:100 dilution. The secondary 

antibody, Goat anti Rabbit IgG-Vector BA100, was diluted using 1%BSA in 

PBS and 2% goat serum to a 1:500 dilution. The protocol returned to that 
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of above until reaching the substrate staining and hematoxylin staining 

stage, during which differing times occurred for both aortic and 

myocardium samples for eNOS expression testing. The substrate staining, 

using the DAB pellet protocol, lasted for seventeen minutes. The protocol 

resumed the above until reaching the hematoxylin stain of fourteen 

seconds.  

Immunohistochemical Detection of Intercellular Adhesion Molecule 1 

(ICAM-1) 

 In contrast to that of the NOX4 immunohistochemistry protocol, the 

ICAM-1 protocol was only run on the aorta tissue. ICAM-1 is intricately tied 

to the inflammation pathway and immune response of the body. Similar to 

that of the above-mentioned protocols, the ICAM-1 protocol followed that 

of the NOX4 protocol sans the blocking agents, antibody usage, and 

hematoxylin staining. Following the exact protocol of the NOX4 IHC until 

the introduction of blocking agents, the protocol was the same; however, 

the blocking agent used for the ICAM-1 was 5% Horse serum in PBS. 

Following the blocking, the primary antibody, mouse monoclonal anti-

ICAM-1 antibody (ab171123 abcam) was prepared at a 1:100 dilution in 

1% BSA in PBS. After the overnight incubation of the primary antibody on 

the samples, the secondary antibody was introduced. The secondary 

antibody, Horse anti-mouse IgG-Vector BA2001, was prepared in a 

1%BSA PBS and 2% horse serum dilution at a factor of 1:400. The 

remainder of the protocol remains the same as the aforementioned NOX4 
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protocol except for the time of the substrate usage and hematoxylin 

staining. The substrate again used the DAB protocol before being 

subjected to twenty-five minutes of staining in the dark humid chamber. 

The staining of the samples occurred for fourteen seconds before 

undergoing the remainder of the Scott’s solution, alcohol graded 

dehydration, and xylene wash.  

Western Blot Detection of TGFβ1 Expression in the Myocardium 

 Following similar protocol to that of the NOX2 and NOX4 Western 

blotting analysis, Western blot analysis of transforming growth factor beta 

1 (TGFβ1) was performed. In short, using the aforementioned protocol, 

frozen tissue sample from each group was homogenized in a lysis buffer 

before the protein concentration was measured via DC Protein Assay. 

Following protein boiling, 80ug of total protein was mixed with loading 

buffer and loaded on to SDS gel. Following the loading, the membrane 

was exposed to mouse anti-transforming growth factor beta 1 (TGFβ1) 

monoclonal antibody before bound antibody was detected using 

horseradish peroxidase conjugated anti-mouse IgG. Actin was used as a 

standard of protein loading for normalization before membrane incubation 

with chemiluminescence detection reagents and exposure to x-ray film.  

Immunohistochemical Detection of a-SMActin Antibody  

The immunohistochemical detection of a-SMActin was used on 

both the myocardium and the aorta tissue of the rat samples in order to 

detect the myofibroblast proliferation due to the inflammation pathways 
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occurring along with detecting vesicular fibrosis in the aorta. The protocol 

for the a-SMActin IHC differs from that of the other protocols in several 

facets. To begin with, a deparaffinization grade occurs beginning with 

xylene three times for five minutes each, followed by the graded alcohol 

wash of 100% ETOH for two minutes twice, 95% ETOH for two minutes 

twice, 80% ETOH for two minutes, 70% ETOH for two minutes, 50% 

ETOH for two minutes, and finally dH2O for two minutes. Following this, 

the samples rehydrated in 1XPBS for five minutes and switched to another 

container of the same for twenty minutes at room temperature. The 

blocking agent used for a-SMActin IHC was 1% gelatin-PBS for twenty 

minutes at room temperature. After blocking the non-specific binding, the 

primary antibody was introduced to the samples following the blocking 

agent being blotted off. The primary antibody, Mouse anti-a-Smooth 

Muscle Actin (Sigma A2547), was prepared at a 1:400 dilution in 1% BAS 

in PBS. 100ul of primary antibody was applied to the samples and allowed 

to incubate at room temperature for one hour in a humid chamber before 

being moved to 4°C overnight.  

The samples were then washed with PBS for five minutes twice 

before being subjected to the secondary antibody dilution, Horse anti-

mouse IgG-Vector (BA2001) in 1%BSA in PBS and 2% horse serum at a 

dilution factor of 1:400. 100ul of the secondary antibody was applied to the 

samples and incubated for thirty minutes at room temperature in a humid 

chamber before being washed in PBS twice for five minutes respectively. 
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During the incubation of the secondary, a working dilution of Vector ABC-

Rad Complex (Cat #AK-5000) was prepared using 5ml of PBS, one drop 

of A and one drop of B (both provided in the kit) and allowed to sit for thirty 

minutes at room temperature. Following the PBS wash, the Vector ABC-

Rad Complex was applied to the slides and allowed to incubate for an 

hour at room temperature. The Vector ABC-Rad Complex was then 

blotted off and the samples were washed with PBS twice for five minutes 

before being washed with 100mM Tri-HCL pH8.2 for five minutes at room 

temperature. Following the wash, the Vector Red Substrate Solution (Cat# 

SK-5100) was made immediately before use by mixing 5ml of 100mM Tris 

pH8.2, one drop of levamisole, two drops solution 1, two drops solution 2, 

and two drops solution 3 (solutions 1-3 provided in kit) in a foil wrapped 

bottle. 150ul of substrate solution was applied to each slide and the 

myocardium samples were incubated for twenty minutes in a dark in a 

humid chamber whereas the aorta samples were stained for thirteen 

minutes. The samples were checked at ten minutes to ensure overstaining 

did not occur. After the incubation finished, the samples were washed in 

dH2O for five minutes to stop the reaction. After the dH2O wash, the 

samples underwent hematoxylin staining for twelve seconds followed by a 

1% acid-alcohol wash, and the standard Scott’s solution/graded alcohol 

dehydration.  
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Masson’s Trichome Stain (Aniline Blue) Detection of Collagen  

 The Masson’s Trichome Stain was used to detect the formation of 

collagen within the myocardia tissue in order to examine the amounts of 

cardiac fibrosis within the samples. To begin this process, the samples 

were deparaffinized and hydrated in alcohol and dH2O respectively. 

Following this the samples were washed in dH2O before being placed in 

Bouin’s Solution for one hour at 56°C; after which, the slides were allowed 

to cool and then rinsed under running tap water to ensure the excess 

Bouin’s solution was removed. This was done until the water ran clear 

opposed to yellow due to the solution. The slides were then rinsed again 

in dH2O before being stained with PureView Iron Hematoxylin Working 

Solution (provided in the kit) for ten minutes and then rinsed again in 

dH2O. Following this, the samples were stained with Biebrich Scarlet-Acid 

Fuchsin Solution (from kit) for two minutes, rinsed again with dH2O, and 

placed in Phosphomolybdic-Phosphotungstic Acid Solution for fifteen 

minutes. The samples were next stained with Aniline Blue stain for ten 

minutes before their final wash in dH2O. After the final wash of dH2O, the 

slides were subjected to a 1% Acetic Acid wash for 4 minutes and 

dehydrated in 95% alcohol and 100% alcohol each twice. Finally, the 

slides were cleared, and prepped with a cover slip for protection and 

viewing of the samples.    
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Data Analysis  

 Data analysis depended not only on the protocol used, but the 

staining and samples as well. Beginning with Mitochondrial distortion and 

using TEM, we measured the number of distorted mitochondria by 

counted the number of distorted mitochondria at a high-powered field. This 

was done by eye. In regard to all immunohistochemical results, the 

images were subjected to analysis by imageJ software in order to obtain 

accurate nuclear stain counts and area of fibrosis counts. All of the above 

were measured and a mean was obtained in order for statistical analysis 

along with a standard deviation. Western blot analysis was analyzed via a 

one-way ANOVA followed by Student-Newman-Keul’s post hoc test in 

order to study group differences in the intensity of western blot assay and 

cell migration by IHC staining for multiple comparisons using SigmaPlot 

(Systat Software Inc., CA, USA). Western blotting was analyzed using 

computer-assisted morphometry and counted as a mean from eight 

randomized high-powered fields (ImgaeJ, NIH). A P value < 0.05 was 

accepted as statistically significant. Data are expressed as ± standard 

error.  
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CHAPTER 3 

RESULTS 

  Morphological Changes and Distortion of the Mitochondria 

 To measure the morphological changes of the mitochondria within 

the myocardium tissue, a transmission electron microscope (TEM) was 

used in order to detect the distortion at a subcellular level. Using the 

method defined by our laboratory, this was able to be achieved on frozen 

tissue at a high level of success.  

 The four groups of rats (Sham, Ang II, Liraglutide, and Linagliptin) 

were all tested using TEM in order to compare differences in 

morphological changes of the mitochondria at differing magnifications to 

ensure total comparison. The Sham group, saline infused, was used as a 

primary control to illustrate that little mitochondrial distortion occurs due to 

natural aging and inflammation processes. It was seen that in the Ang II 

model, the distortion of the mitochondria increased significantly. As seen 

in Figure 6, the distortion of the mitochondria is intense, and the shape of 

the mitochondria becomes nearly indistinguishable. We were able to see 

that the mitochondrial membrane along with the cristae were destroyed 

due to Ang II infusion; this destruction is due to the ROS synthesis 

causing the mitochondria to swell. This in turn causes the process of 

mitophagy, a process of programed mitochondrial death where the 

mitochondria avoid being absorbed by phagocytes, the lighter grey areas 
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in the photo, by elongating and distorting their shape until they ultimately 

cannot function any longer (Figure 6).  

In contrast to that of the Ang II infusion group, both the liraglutide 

and linagliptin treatment groups illustrated a decreased mitophagy 

occurrence. This can be seen in the image as both treatment groups 

demonstrate mitochondria that are returning to normal physiological 

standard shape and less autolysosomes/phagosomes are present; 

however, it is important to note that in the treatment group that signs of 

mitophagy occurring previously are still present in the likes of some 

distortion and autolysosomes. The mitochondrial distortion in the Ang II 

group occurred at a rate of 27.7±13.2 distorted mitochondria per HPF, p＜

0.05, whereas both treatment groups, liraglutide and linagliptin, 

experienced a decrease, 8.7±4.3 and 10.1±4.5 (both p＜0.05), 

respectively. It is important to note that these numbers are illustrating a 

return to normal physiological conditions which is demonstrated by the 

Sham group which boasts a 2.8±2.2 distorted mitochondria per HPF p＜

0.05.  
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Figure 6 Mitochondrial Distortion due to the expression of NOX4 and ROS synthesis resulting in mitophagy. 

Figure 7 Mitochondrial Distortion occurring at a much higher rate in Ang II group and at a much more detrimental level as seen above via total destruction of 
mitochondria, cristae, and total structure. Both treatment groups show decreased distortion levels 
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NADPH Oxidase Expression  

Using the aforementioned immunohistochemical protocol to detect NOX4 

expression, we were able to determine expression levels within both the 

myocardium and the aortic tissue of the test subjects. Following the 

protocol, images were gathered and NOX4 prevalence was expressed via 

nuclear staining in both the heart and the vessel. Within the aortic staining, 

the treatment groups showed a vast decrease in NOX4 expression 

compared to that of the Ang II group with the Ang II group illustrating a 

74±11.7 nuclear stain per x400 compared to that of the liraglutide and 

linagliptin groups demonstrating 46.1±13.0 and 36.6±14.4 nuclear stain 

per x400, respectively (all p＜0.05) (as seen in Figure 8).  

The NOX4 expression patterns within the myocardium followed a 

similar pattern to that of the aortic expression in regard to 

immunohistochemistry. As seen in Figure 10, the treatment groups both 

show a decrease in nuclear staining from that of the Ang II group. This 

demonstrates a decrease in NOX4 expression in the treatment groups. 

Within the myocardium, the Ang II group demonstrated a 76.7±13.5 

nuclear stain per x400 of NOX4 expression whereas the Lira group, 

18.8±18.6, and Lina group, 13.7±14.5, both experienced decreases in 

NOX4 expression. It is important to note that both the myocardium and 

aorta offer similar patterns in regard to NOX4 expression. This is also 

seen via the western blotting results achieved in regard to NOX4 
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expression.  The expression of NOX4 is clearly increased in the 

myocardium as seen in Figure 9’s gel. The treatment groups both show a 

decreased expression level similar to that as seen in both 

immunohistochemical results. The western blotting results in regard to 

NOX4 expression are more supported due to the actin loading gel being at 

a consistent level throughout the gel, therefore strengthening the results. 

In regard to NOX2 expression, the other major isoform located within the 

cardiovascular system, our results demonstrated a much lower level of 

expression compared to that of NOX4. Although the levels of expression 

were far lower than expected and compared to that of NOX4, NOX2 

demonstrates similar up expression with Ang II infusion compared to that 

of the Sham control group and Lira and Lina treatment groups. However, it 

is important to note that the expression of NOX2 overall remains low even 

with this increase in expression. The Ang II group features an increase in 

expression due to the infusion of Ang II whereas the treatment groups 
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experience decreases in expression reverting to a level of expression 

more similar to that of the Sham group (Figure 11).  

 

Figure 8 NOX4 Expression in the Aorta shows a decrease from Ang II group in both treatment 
groups, Lira and Lina. 
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Figure 9 NOX4 Expression in the myocardium as illustrated via Western Blotting technique. 

Demonstrates an increase in NOX4 expression within the Ang II group and a decrease within both 
treatment groups as mirrored in immunohistochemistry. 

 
 

Figure 10 NOX4 Expression in the myocardium, follows a similar pattern to that of the aortic expression, showing a decrease from Ang II group in both treatment 
groups, Lira and Lina 
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Figure 11 NOX2 expression in the myocardium. Expression levels far lower than that of NOX4; 

however, follow similar patterns. 

 
 
Endothelial NOS (eNOS) Expression 

 eNOS, or endothelial nitric oxide synthase, is endogenously 

released in the body as a gas that aids in the regulation of blood pressure 

via vasodilation. However, when Ang II is introduced the gas is uncoupled 

and expression is decreased, therefore vasodilation is prevented, and 

blood pressure increases. As seen in Figure 12, expression of eNOS is 

decreased in the Ang II group due to the Ang II infusion, whereas the 

treatment groups experience a re-up-expression more similar to the levels 

of the original Sham control. The expression of eNOS in the Ang II group 

(34.4±12.4 number of endothelial stain per x400 p＜0.05) is lower than 
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that of both the Lira and Lina groups (56.6±25.3 and 53.7±20.1 both p＜

0.05, respectively) compounding to the visual fact that the expression in 

the Ang II group is lower.  

 

 
Figure 12 eNOS expression illustrates the uncoupling of the gas in the endothelium due to Ang II 
infusion compared to that of the expression levels in both the control and treatment groups that 

illustrate up-expression allowing vasodilation. 

 
 
Intercellular Adhesion Molecule I (ICAM-1) Expression 

 Intercellular Adhesion Molecule I, ICAM-1 for short, is intricately 

involved in the inflammation pathway/immune response of the body due to 

being a member of the immunoglobulin superfamily of proteins that are 

well known for including antibodies. Due to this intricate involvement in 

immune response, ICAM-1 plays a factor in inflammation in the body and 

therefore experiences increased expression with Ang II infusion as seen 

by our data. The Ang II group features an expression level of 56.7±20.1 
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stained fields per x400 whereas Lira and Lina ICAM-1 expression falls 

dramatically, 12.4±8.3 and 17.3±12.4 respectively. These numbers are of 

importance due to the fact that the Sham control group features a higher 

level of ICAM-1 expression (35.4±11.2) than that of both treatment groups, 

yet it still is lower than the Ang II infused specimens.  

 

 
Figure 13 ICAM-1 Expression in the aorta is decreased in treatment groups compared to that of the 

Ang II infused specimens. This illustrates a decrease in inflammation in the treatment groups, 
rectifying the inflammation caused via Ang II infusion 

 
Transforming Growth Factor Beta 1 (TGFβ1) Expression 

Transforming Growth Factor Beta 1, TGFβ1, is directly associated 

with the proliferation of myofibroblasts and therefore is directly linked with 

inflammatory responses in the body. As seen in Figure 14, TGFβ1 

expression increases with the exposure to Ang II from that of the control 

group. This was checked as well using a protein over actin calculation in 

order to find the increase statistically (Figure 14). Specifically, the 
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Liraglutide group sees a decrease in expression; however, it is important 

to note that although the level of decreased expression is greater in the 

Lira group, Linagliptin treatment also demonstrated a decreased protein 

expression level.    

 
Figure 14 Transforming Growth Factor Beta 1 intricately tied to immune system regulation and 
therefore the expression of TGFβ1 is directly linked to inflammation processes in the body. The 
expression of TGFβ1 follows similar patterns to that of ICAM-1 expression and is upregulated with 
Ang II infusion. However, both treatment groups see a decrease in expression compared to that of 
Ang II specimen.  

 
Myofibroblast Proliferation  

 Using a-SMActin staining techniques in the myocardium, we were 

able to detect the amount of myofibroblast proliferation expressed within 

the samples. In detecting this, the expression rates relate to the injury 

response of the body due to the inflammation occurring within the immune 

response. This amount of proliferation is explicitly seen within the Ang II 
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infused specimens compared to that of the other groups (reference Figure 

15). The Ang II group reaches a 42.8±22.6 number of myofibroblasts per 

x200 due to the inflammation processes taking place compared to that of 

the treatment groups, Lira and Lina, expressing 15.1±4.9 and 13.3±3.6 

myofibroblast per x200, respectively. The treatment groups follow similar 

patterns to that of above in regard to response to inflammation and a 

decrease in negative inflammation effects occurring nearly showing a 

reversion to that of the Sham control group (11.1±4.0 myofibroblasts per 

x200).  

 

Figure 15 Myofibroblast proliferation follows similar patterns to that of other inflammation markers 
with an up expression of myofibroblasts in the Ang II group and a decrease in the treatment groups 

comparatively. 
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Vessel Thickness 

 Using the same a-SMActin antibody used to detect myofibroblast 

proliferation, we were also able to determine vessel thickness in the 

samples due to the detection of collagen by the stain. Vessel thickness is 

also directly related to elasticity and compliance and therefore effects 

blood flow throughout the body if the vessels become damaged. Due to 

the injury related to inflammation processes caused by Ang II infusion, this 

group saw an increase in mean vessel thickness compared to that of all 

other groups. The Ang II group, 339.7±40.4um, was substantially larger 

than that of the other groups which all fell greater than 50um less thick 

than their Ang II counterpart. Both treatment groups featured a similar 

mean thickness with the Lira group being less thick (267.4±22.4um) than 

that of the Lira group (286.6±25.5um). These numbers are both higher 

than that of the control group (216.4±13.9um); however seemingly show a 

positive decrease in vessel thickness compared to that of the Ang II group.  
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Figure 16 Mean vessel thickness, detected by a-SMActin staining, illustrates that the Ang II group 
demonstrates an increase in wall thickness compared to that of the other groups. This can visually 
be seen in the image above and is statistically notable seeing as the Ang II group shows a greater 

mean thickness by at least 50um comparatively. 

 
Fibrosis 

 Using the Masson’s staining techniques, we were able to detect 

both vesicular fibrosis in the aorta along with fibrosis in the myocardium in 

order to obtain a more complete picture in regard to inflammation 

response in the circulatory system and the immune response. This was 

achieved due to the collagen, the main culprit of fibrosis, being stained 

and easily viewed in the samples. Vesicular fibrosis results were different 

than anticipated and required mechanistic explanation for support. In 

regard to the myocardial fibrosis, the blue illustrates the areas of fibrosis 

due to staining and as seen in Figure 17, the Ang II group experiences a 

higher area of fibrosis compared to that of both the treatment groups and 

the Sham control group. The infusion of Ang II creates an inflammatory 
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process within the body and causes formation of collagen within the 

cardiac tissue that is the cause of fibrosis. This collagen formation is seen 

via the blue stain in the Figure 17 surrounded by normal tissue (pink). The 

Ang II experimental group features a much higher instance of fibrosis at 

an area 38,020.9±24,915.9 um2, whereas the treatment groups 

experience far less fibrosis. Liraglutide (13,638.7±6,353.2 um2) and 

Linagliptin (13,587.4±4,920.4 um2) feature extremely similar areas of 

fibrosis due to the success of treatment by both the GLP-1 agonist and 

DPP-4 inhibitor. The two nearly revert to the amount of fibrosis seen in the 

Sham control group (4215.2±2161.6 um2); however, the treatment groups 

still show significant levels of fibrosis.  

 
Figure 17 Cardiac Fibrosis. Indicated by the blue stain, collagen formation is synonymous with 
cardiac fibrosis and occurs on a larger scale in the Ang II group compared to that of the others. Due 
to this inflammation process, the treatment groups experience less fibrosis due to the success of 
both Lira and Lina.   
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Blood Pressure 

 Using the aforementioned tail cuff, blood pressure was taken from 

each specimen before they were euthanized. This allowed us to examine 

cardiac output whilst the specimens were still alive and gives us insight 

into a more real time outlook of cardiovascular disease. Due to the 

inflammation pathway induced via Ang II infusion, the blood pressure 

increased in the Ang II experimental group (163±30mmHg) from that of 

the Sham control group (107±13mmHg). The treatment groups of both 

Lira and Lina experienced a decrease from that of the Ang II group 

showing a positive response to the treatment in regard to controlling 

hypertension. The liraglutide group (121±19mmHg) experienced a greater 

decrease than that of the linagliptin group (139±16mmHg); however, both 

show beneficial decreases from that of the Ang II group.  

 
Figure 18 Blood Pressure of each experimental group was taken via a non-invasive method using a 
tail cuff. As seen, the Ang II group experiences an increased blood pressure compared to that of 
the Sham control group. The treatment groups both see  a decrease in blood pressure similar to 
that of the Sham control group; however, still show signs of remaining fibrosis due to Ang II 
infusion.  
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CHAPTER 4 

DISCUSSION 
 
 

The aim of this study was to determine vascular/cardiac protective 

mechanisms of action by using a GLP-1 agonist and DPP-4 inhibitor in 

order to provide additional treatment options for those troubled by 

cardiovascular disease. To gain further insight into possible treatment 

options, we examined numerous inflammation pathway markers and 

cardiac fibrosis formation, along with examining the expression of NOX2 

and NOX4.  

Due to the numerous persons that experience cardiac disease, 

especially in the southern United States, it is imperative that the disease is 

studied, and alternative treatment options are determined in order to 

reduce the strain of said disease on the population. With this in mind, our 

study focused extensively on Ang II infusion in a rat model in order to 

simulate the inflammation pathway and examine possible treatment 

options. The infusion of Ang II caused dramatic inflammation within the 

specimens. This was seen in all areas of the data we collected. This was 

to be expected due to Ang II triggering the aforementioned inflammation 

pathway.  

Beginning with the distortion of the mitochondria, the Ang II infusion 

causes mass cardiac damage. Mitochondria are of particular importance 

in the cardiovascular system due to the fact the mitochondria located in 
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the heart provide 95% of the total ATP generated and utilized hourly in the 

beating heart (Wang et al. 2018). This mass damage is due to an effect 

called mitophagy. Mitophagy is a process that occurs following 

mitochondria undergoing extreme stress (Ang II infusion), becoming 

damaged and therefore inefficient at producing energy, and therefore 

experience degradation/removal in order to use the damaged 

mitochondria as additional energy. The mitochondria go about this by 

distorting their size and undergoing fusion/fission in order to avoid the 

healthy portion of mitochondria being absorbed by autophagosomes. The 

mitophagy is triggered due to the Ang II infusion; however, the exact 

cause of the mitochondrial distortion is most likely due to increased NOX 

expression causing increased ROS synthesis leading to the destruction 

causing mitophagy. Because of the high level of mitochondria in 

cardiovascular tissue, the heart is extremely susceptible to the 

damage/mitophagy mitochondria undergo with Ang II infusion. The high 

level of mitochondria located in the heart is not the only issue as the 

mitochondria in cardiomyocytes are locked between myofilaments 

preventing movement and shape changes to avoid damage. This 

increased susceptibility increases the effects of the damage and ultimately 

leads to the high rate of cardiac fibrosis and ultimately failure. The ROS 

seemingly trigger fusion and fission proteins in the mitochondria that aid in 

the process of degradation due to the mass destruction; this effect then 

aids to the development of cardiac fibrosis and ultimately cardiac failure.  
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Mitophagy being triggered due to Ang II infusion causing an 

increase in ROS synthesis is most likely linked to NADPH oxidases. As 

indicated in the data, both NOX4 and NOX2 experience increased 

expression with Ang II infusion; this indicates that with an increase of 

NADPH Oxidase expression, an uptick of ROS synthesis occurs that is 

detrimental to mitochondria leading to mitophagy. This in turn leads to 

distortion of mitochondria, decreased ATP production available for the 

cardiovascular system, hypertrophy, and cardiac damage. However, it is 

important to note that the expression of NOX4 was much higher than that 

of NOX2 in our samples, indicating that NOX4 has a higher level of 

expression and variability of expression when triggered via the Ang II 

inflammation pathway.  

In comparison, the Liraglutide and Linagliptin groups demonstrate a 

decrease in mitophagy symptomology from that of the Ang II experimental 

group. The decrease in mitochondrial distortion is important due to the fact 

that the mitochondria are thus able to return to near normal physiological 

standards of function and form. Liraglutide and Linagliptin are not acting 

on the mitochondria themselves, but instead upstream of the inflammation 

pathway along the Ang II infusion. This occurs before Ang II triggering the 

increase of both NOX2 and NOX4 expression seeing as ROS synthesis is 

expression based. The exact area in which Liraglutide and Linagliptin act 

in order to cause a decrease in NOX expression remains to be seen and 
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further studies need to be completed to identify this pathway due to the 

identification of NOX expression pathways being lacking.   

As previously mentioned, NADPH Oxidases are in part responsible 

for the synthesis of ROS which are usually beneficial molecules within the 

body; however, when excess oxygen species are produced, disastrous 

consequences can occur such as severe damage to DNA, RNA, and 

proteins ultimately leading to cell death. ROS can also lead to vascular 

inflammation that correlates to cardiac fibrosis. Seeing as NOX4 is 

constituently active, expression is directly linked to the amount of ROS 

produced. Therefore, as NOX expression increases with Ang II infusion 

(Figure 9 and 10) the amount of ROS produced increases causing more 

vascular damage ultimately leading to cardiac fibrosis/cardiac death. The 

increase in NOX2 expression does result in increased ROS synthesis as 

well; however, this is not the primary way NOX2 is regulated in regard to 

superoxide synthesis, yet still leads to increased cardiac fibrosis effects.  

Ang II clearly increases the expression of both NOX isoforms in our 

samples, yet the specific mechanism of increased expression is still 

unknown. Interestingly enough, some evidence from (Lu et al. 2010) 

points towards NF-κβ triggering the NOX4 promoter and increasing 

expression; however, more investigation needs to be completed, yet this 

would provide a definitive link to Ang II infusion and NOX expression. With 

that being said, a decrease in both NOX2 and NOX4 expression occurred 

with the treatment of Liraglutide and Linagliptin similar to that of 
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mitochondria distortion. The treatment with GLP-1 agonist and DPP-4 

inhibitor decreasing the NOX expression directly leads to less ROS 

synthesis especially in regard to NOX4 expression seeing as that isoform 

is constituently active. This illustrates a positive outcome of the beneficial 

treatment due to the decrease in destructive ROS and gives light to new 

treatment capabilities for cardiovascular disease. 

In regard to more prominent inflammatory pathway proteins, we 

also tested the expression of eNOS, ICAM-1, and TGFβ1 in order to 

obtain a more complete picture in regard to cardiac inflammation and 

fibrosis. The results of these markers coincided with the findings 

previously published by our lab indicative of GLP-1 treatment being 

beneficial to cardiovascular disease (Zhang et al. 2015). Endothelial nitric 

oxide synthase (eNOS) is responsible for regulation of blood pressure by 

causing vasodilation. The gas is endogenously released in the body to 

achieve this effect. However, when Ang II is infused eNOS experiences 

uncoupling which leads to endothelial dysfunction and lack of vasodilation 

causing an increase in blood pressure. The uncoupling of eNOS leads to 

the production of superoxide. The infusion of Ang II in our experimental 

group illustrates the uncoupling of eNOS (Figure 12) in the endothelium 

via immunohistochemistry. The lack of eNOS expression in the Ang II 

experimental group is indicative of the uncoupling occurring compared to 

that of the Sham group. With the treatment of Liraglutide and Linagliptin 

we can see the return of eNOS expression indicating a recoupling of the 
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gas meaning that vasodilation will return. With the return of vasodilation, 

blood pressure regulation and a decrease in hypertensive injuries occurs 

resulting in less cardiac fibrosis/death. Interestingly enough, the treatment 

of both Liraglutide and Linagliptin both treat NOX and eNOS exceptionally 

well and treatment success may perhaps be related to restoring 

endothelial function. The importance of restoring eNOS to proper 

expression levels is seen via blood pressure measurements. Increased 

blood pressure occurs in the Ang II infused group due to the uncoupling of 

eNOS along with increased vesicular thickness and fibrosis; however, 

when undergoing treatment, our samples experienced a lower blood 

pressure indicative of less hypertensive damage, eNOS recoupling, and 

decreased thickness of vessels, thus providing more evidence for 

Liraglutide and Linagliptin treatment. 

ICAM-1 is widely known to be responsible for the recruitment and 

adhesion of leukocytes in the cardiovascular system and therefore is 

intricately tied immune/inflammation response. Upon the infusion of Ang II, 

ICAM-1 expression increased compared to that of the other experimental 

groups due to the triggering of upstream inflammatory pathways. Ang II 

acts on NF-κβ pathway to ultimately trigger the increased expression of 

ICAM-1 and the increase can be seen in our data (Figure 13) along the 

endothelium. This increased expression demonstrates that Ang II causes 

increased inflammation across the endothelium leading to further damage 

of the vessels. Liraglutide and Linagliptin show significant decreases in 
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ICAM-1 expression even lower than that of the Sham control group 

resulting in less inflammation. However, it is important to note that this 

may cause immune response issues due to such a significant drop.  

TGFβ-1 expression, tested via Western blotting, is well known for 

its role in inflammation via relation to myofibroblasts, hypertrophy, and 

various others inflammatory mediators. As expected, the expression of 

TGFβ-1 increased with the infusion of Ang II. This is primarily due to 

macrophages releasing TGFβ-1 upon Ang II triggering AT1 receptors that 

ultimately leads to fibrotic processes (Zhang et al. 2015). This increase 

due to Ang II infusion follows the inflammation pattern established in the 

study; the treatment groups both experienced an attenuation of TGFβ-1 

expression due to Liraglutide and Linagliptin acting on Angiotensin 

receptors. In accordance with TGFβ-1 expression, myofibroblast 

proliferation follows similar patterns. Ang II infusion causes an increase in 

myofibroblast proliferation via TGFβ-1 dependent signaling (Figure 15), 

whereas the proliferation is attenuated with both treatment from GLP-1 

agonist and DPP-4 inhibitors. This demonstrates that Liraglutide and 

Linagliptin both show an affinity for providing beneficial effects in regard to 

myofibroblast proliferation and general inflammatory pathway 

mechanisms. Keeping this in mind provides more backing for using both 

diabetic treatments as other options for physicians; however, further 

testing is required.  
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Furthermore, our study provides evidence that Liraglutide and 

Linagliptin attenuate vessel thickening and a decrease in both vesicular 

fibrosis and myocardial fibrosis. Vessel thickening occurs due to the 

buildup of collagen caused by hypertensive injury and this leads to 

increased hypertension along with a decrease in vesicular compliance. 

The diameter of the vessels (Figure 16) is larger in the Ang II infusion 

group than that of the others due to the associated inflammation pathways 

causing recruitment of collagen, increased blood pressure, and increased 

fibrosis. This diameter leads to greater strain on the heart causing cardiac 

damage and mechanical myocardial fibrosis as well. However, Liraglutide 

and Linagliptin, acting on the aforementioned inflammatory pathways, 

combat the vessel thickening and cause a return towards the Sham 

control group. Importantly, the treatment does not return the samples to 

the original state of the Sham control group indicating a history of 

inflammation, fibrosis, and hypertensive damage.  

Although the morphological change of vesicular fibrosis was 

different than expected, a functional change indicative of fibrosis occurs. 

We can conclude that since a reduction in the expression of eNOS 

occurred along with an upregulation of NOX results in endothelium-

dependent vascular relaxation (dilatation) and cause an increase in blood 

pressure in the absence of aortic fibrosis. Morphological change does, 

however, occur in regard to myocardial fibrosis as indicated via Figure 17. 

Ang II increases fibrosis in both the vessels and myocardia via triggering 
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the ICAM-1 and TGFβ-1 pathways. Treatment via Liraglutide and 

Linagliptin causes a decrease in fibrosis via inhibition of the of the 

pathways above and results in a near return to the Sham control group.  

Liraglutide and Linagliptin providing treatment outside of the 

standard ACEi and ARBs creates an opportunity for differing treatment 

options seeing as treatment via the GLP-1 pathway provides beneficial 

effects in regard to inflammatory effects. Investigating the use of 

Liraglutide and Linagliptin on these inflammatory effects along with the 

distortion of mitochondria provides novel insight into treatment effects on 

mitophagy, NOX, and more established inflammatory proteins. Therefore, 

this study adds to current literature whilst providing opportunities for 

continuing research on ideas proposed.  
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CHAPTER 5 

CONCLUSION 

 In brief, the data collected in regard to the study suggest not only 

that exposure of Ang II causes inflammation/immune responses on a 

previously acknowledged large scale in the cardiovascular system, but 

that Ang II infusion also creates inflammatory issues intracellularly in the 

cardiovascular system specifically in the mitochondria. The alterations in 

morphology suggest due to the mitochondria experiencing severe stress 

are indicative of a starting point for cardiac inflammation/fibrosis and 

ultimately cardiac death. To the author’s knowledge this study represents 

the first time that mitochondrial distortion has been studied in regard to 

GLP-1 function. Furthermore, it is important to note that data also 

indicates that the presence of GLP-1 analog, Liraglutide, and DPP-4 

inhibitor, Linagliptin, are beneficial in decreasing the effects of Ang II 

induced inflammation. This study is the first to report these findings within 

the mitochondria. Additionally, the data continually supported the pattern 

of Liraglutide and Linagliptin being positive treatment options for cardiac 

fibrosis in regard to Ang II infusion on a larger scale as seen via 

inflammation pathway markers. Because of this, the findings from this 

study provide important information along with additional avenues of study 

in regard to future synergistic treatment options in patients experiencing 

negative side effects from ACEi and ARBs along with providing 

contributions to the area of intracellular morphological changes 
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CHAPTER 6 

FUTURE DIRECTIONS 

  

 This study provides novel insights into possible treatment options 

for cardiovascular disease using GLP-1 agonists and DPP-4 inhibition 

along with possible insights into the mechanisms which these treatments 

work; however, it is important still to investigate the unanswered questions 

this study poses and additional future directions. In regard to this, future 

studies are needed in order to complete the understanding mechanistically 

of synergistic treatment of Liraglutide and Linagliptin especially on other 

signaling models. Another important avenue could be to study the deletion 

of NOX4 in regard to Ang II infusion in order to establish if the removal of 

NOX4 results in a less vigorous immune/inflammation response and 

ultimate cardiac death. In regard to extending the study to examining the 

benefits of treatments, studying other mitochondrial signaling proteins 

related to mitophagy should be considered such as mitofusin 1 and 2 

(Mfn1/2) and optic atrophy (Opa1) for fusion and dynamin-related protein 

1 (Drp1) for fission to further establish the effects Ang II has on fusion and 

fission of mitochondria within the cardiovascular system, along with 

examining Liraglutide and Linagliptin as treatment options.  
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